Selection for contrasting seed tocopherol content in sunflower seeds by Velasco Varo, Leonardo et al.
Selection for contrasting seed tocopherol content
in sunﬂower seeds
L. VELASCO*, L. DEL MORAL, B. PE´REZ-VICH AND J. M. FERNA´NDEZ-MARTI´NEZ
Institute for Sustainable Agriculture (CSIC), Alameda del Obispo s/n, 14004 Co´rdoba, Spain
(Revised MS received 2 November 2009; Accepted 10 November 2009; First published online 13 January 2010)
SUMMARY
Sunﬂower oil, with more than 0.9 of tocopherols in the alpha-tocopherol form, supplies more
vitamin E than any other vegetable oil. Thus far, no breeding to increase vitamin E levels in sunﬂower
seeds has been conducted. The objective of the present research was to develop sunﬂower lines with
high and low total seed tocopherol content through evaluation and subsequent selection of a large
germplasm collection (952 sunﬂower entries). A range of variation from 119 to 491 mg/kg was found.
Selection conducted from S1 to S4 plant generations allowed the isolation of line IAST-413, with an
increased tocopherol content of 467 mg/kg compared to 251 mg/kg in the control line HA89, and line
IAST-522, with a reduced tocopherol content of 73 mg/kg. Another accession with potentially high
tocopherol content, but completely self-incompatible, was crossed to the line HA89 followed by
plant-to-row selection up to the F5 plant generation; it averaged 463 mg/kg compared to 240 mg/kg
in HA89. Two ﬁeld experiments carried out at Co´rdoba in southern Spain in 2006 and 2007 with
diﬀerent sowing dates conﬁrmed that the increased tocopherol content in the selected lines was con-
sistently expressed across environments.
INTRODUCTION
Vitamin E is a family of fat-soluble antioxidants that
protect cellular membrane lipids against oxidative
damage, which has been associated with a decreased
risk of developing some forms of cancer, cardio-
vascular diseases and degenerative processes linked to
disease (Packer & Obermu¨ller-Jevic 2002). The main
naturally occurring compounds with vitamin E ac-
tivity are tocopherols and tocotrienols. Tocopherols
occur ubiquitously in plant tissues, with the highest
concentrations being found in seeds. There are four
tocopherols, alpha-, beta-, gamma- and delta-toc-
opherol, which diﬀer in their vitamin E activities.
Alpha-tocopherol exerts the highest vitamin E ac-
tivity in animals (Pongracz et al. 1995). There is a
large body of medical evidence pointing to the bene-
ﬁts for human health associated with daily, moderate,
vitamin E supplementation (Bramley et al. 2000).
Gamma-tocopherol, with only one-tenth the vit-
amin-E activity of alpha-tocopherol (Pongracz et al.
1995), is the predominant tocopherol derivative in
most oilseeds (Padley et al. 1994). Sunﬂower, with
more than 0.9 of tocopherols in the alpha-tocopherol
form, represents a remarkable exception. The high
vitamin E content of sunﬂower oil is being used by
some manufacturers as a claim to attract consumers,
even through fortiﬁcation of the oil with either natu-
ral or synthetic alpha-tocopherol. Several brands of
sunﬂower oil fortiﬁed with alpha-tocopherol are cur-
rently being marketed in Spain. Sunﬂower cultivars
with increased concentrations of alpha-tocopherol in
the seeds would produce oils with naturally enhanced
vitamin E value.
The tocopherol content in the extracted seed oil is
the result of several factors, the most important
being the tocopherol content in the seeds, the oil
content in the seeds, the oil extraction system and the
loss of tocopherols during oil reﬁning (Tasan &
Demirci 2005). Sunﬂower oil is mainly made up of
triacylglycerols (A˚ppelqvist 1989). Triacylglycerols
and tocopherols are accumulated separately in the
cells of sunﬂower seeds through diﬀerent biosynthetic
pathways. While storage triacylglycerols are de-
posited in characteristic structures called oil bodies
or oleosomes (Slack et al. 1980), tocopherols are
components of membranes (Hoﬁus & Sonnewald
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2003). Because tocopherols are fat-soluble com-
pounds, they become part of the extracted oil during
oil extraction. Accordingly, the optimal breeding
strategy to identify genetic sources of high tocopherol
content is to select for this trait regardless of the
seed oil content. Both traits must be combined later
because there is evidence that they are not correlated
(Velasco et al. 2002).
Unreﬁned sunﬂower oils have average tocopherol
contents around 700 mg/kg (Padley et al. 1994). Most
of the studies reporting variation for seed tocopherol
content in sunﬂower cultivars or germplasm have
been based on analyses of extracted oils (Dolde et al.
1999; Alpaslan & Gu¨ndu¨z 2000; Nolasco et al. 2004).
The analysis of tocopherol content in the extracted oil
does not diﬀerentiate characters such as seed oil con-
tent or seed tocopherol content, and therefore does
not provide information on genetic diﬀerences for the
eﬃciency of the tocopherol biosynthetic pathway.
Velasco et al. (2002) reported a range of variation
for seed tocopherol content from 314 to 1024 mg/kg
in evaluation of 36 sunﬂower hybrids grown over 13
locations. The tocopherol content of sunﬂower seeds
is aﬀected by the genotype and the environment, al-
though the limited number of studies conducted to
date have concluded that the factors have diﬀerent
relative eﬀects (Marquard 1990; Alpaslan & Gu¨ndu¨z
2000; Velasco et al. 2002). No breeding research
has been conducted to develop sunﬂower germplasm
with high tocopherol content. In rapeseed, lines with
high and low total tocopherol content were selected
(Goﬀman & Becker 2001), and provided the basis for
genetic and molecular studies on tocopherol ac-
cumulation in this crop (Marwede et al. 2005).
The objectives of the present research were to
develop sunﬂower lines with high and low total
tocopherol content in the seeds through evaluation of
a large germplasm collection and through subsequent
selection to evaluate the environmental stability of
total tocopherol content in selected lines.
MATERIALS AND METHODS
Germplasm evaluation and selection
A germplasm collection of 952 sunﬂower (Helianthus
annuus L.) entries was analysed for total seed toc-
opherol content as described below. The collection
included 631 germplasm accessions provided by the
North Central Regional Plant Introduction Station of
the US Department of Agriculture (USDA) as well as
321 breeding lines and cultivars maintained for dif-
ferent research programmes at the Institute for
Sustainable Agriculture at Co´rdoba, Spain. Total
tocopherol content was measured on six seeds per
accession. Twenty eight accessions with low and high
total tocopherol content were selected; 48 S0 seeds
from each of these were germinated and plants grown
in the ﬁeld in 2000. Single plants were bagged before
ﬂowering to ensure self-fertilization and they were
harvested by hand at maturity. Six randomly selected
S1 seeds from each individual plant were used for
total tocopherol content analysis as described below.
Selection following a head to row scheme was con-
tinued until the S4 : 5 generation. Plants were grown in
rows 5 m long with 1 m spacing between rows. Plants
of the inbred line HA89, with wild-type total toc-
opherol content, and the F1 hybrid Xistral, identiﬁed
in previous research as having one of the highest
tocopherol contents amongst commercial hybrids
cultivated in Spain (Velasco et al. 2002) were used as
controls in all the evaluations. The best S4 : 5 families
having either high or low tocopherol content were
selected and their seeds were pooled to constitute the
selected lines.
Evaluation under a range of environments
Two ﬁeld experiments based on periodical sowings
were conducted in 2006 and 2007 to evaluate the
expression of total tocopherol content in the selected
lines IAST-306 and IAST-413, with increased toc-
opherol content, and IAST-522, with reduced toc-
opherol content, as well as the line HA89 with
standard tocopherol content (control). The ﬁeld ex-
periment in 2006 consisted of six sowing dates: 13 and
27 February, 13 and 27 March and 10 and 24 April.
The ﬁeld experiment in 2007 consisted of eight sowing
dates: 19 February, 5 and 26 March, 9 and 23 April,
7 and 28 May and 11 June. In both years, trials were
located at the experimental farm of the Institute
for Sustainable Agriculture, Co´rdoba (37x51k51aN;
4x47k23aW; 91 m asl). Each sowing date consisted of
36 plants of each line arranged in a completely ran-
domized design. Seeds of each line were germinated
on moistened ﬁlter paper, grown in small pots in a
growth chamber for 15 days and then transplanted to
the ﬁeld in rows 5 m long with 1 m between rows and
0.2 m between plants in the row. Plants of HA89 were
grown as plot borders. The plants were harvested in-
dividually at maturity. In some cases, the occurrence
of a poor seed set associated with self-incompatibility
resulted in a considerable reduction in the number of
plants per line that produced enough seeds for toc-
opherol analysis. To keep the results representative,
those cases in which the number of plants analysed
per sowing date and line was below 12 were discarded.
Analysis of total seed tocopherol content
Six randomly selected achenes from each accession
or individual plant were dehusked, weighed and
crushed as ﬁnely as possible with a stainless steel
rod. Tocopherol content was determined by high-
performance liquid chromatography (HPLC) as de-
scribed by Thies (1997), using a ﬂuorescence detector
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at 295 nm excitation and 330 nm emission and iso-
octane/tert-butylmethylether (94:6) as eluent at an
isocratic ﬂow rate of 0.7 ml/min. Chromatographic
separation of the tocopherols was performed on a
LiChrospher 100 diol column (internal dimensions
250r3 mm) with 5 mm spherical particles, connected
to a silica guard column (LiChrospher Si 60, internal
dimensions 5r4 mm). Quantitative determination of
tocopherols was carried out using external calibration
curves. Total tocopherol content was calculated as
the sum of alpha-, beta- and gamma-tocopherol
contents. Total tocopherol content was expressed as
mg/kg seed.
RESULTS
Germplasm evaluation and selection
The average total tocopherol content in the set of 952
germplasm accessions, ¡S.D., was 271¡62.1 mg/kg,
showing a range of variation from 119 to 491 mg/kg.
Alpha-tocopherol was the predominant tocopherol
derivative, accounting for more than 0.9 of the total
tocopherols in the seeds in most of the accessions,
except for PI 307937, which had 0.78 alpha- and 0.22
beta-tocopherol and CO-77-256, which had 0.77
alpha- and 0.23 gamma-tocopherol. Selection cut-oﬀs
for low and high total tocopherol content were es-
tablished at 145 and 400 mg/kg, respectively, based
on the distribution of the trait in the germplasm col-
lection (Fig. 1). This resulted in 10 accessions being
selected for low tocopherol content and 18 accessions
being selected for high tocopherol content, all with
alpha-tocopherol as the predominant form.
Total tocopherol content at the S0 plant level
(S1 seeds averaged) ranged from 60 to 564 mg/kg for
the 28 lines selected. The extremes of variation cor-
responded to two accessions: IAS-522, which showed
60–244 mg/kg, and IAS-413, with a range of
342–564 mg/kg (Fig. 2). The number of plants of IAS-
413 was very low due to low seed germination. Plants
of the control line HA89 showed total seed tocoph-
erol contents from 269 to 340 mg/kg. The accession
IAS-522 corresponded to a selection for broomrape
(Orobanche) race E resistance conducted within a
collection of old Spanish cultivars, but the pedigree
of the germplasm was unknown. The accession IAS-
413 corresponded to a selection from the Russian
variety Peredovik conducted in Spain in the early
1980s (J. M. Ferna´ndez-Martı´nez, personal com-
munication).
All the plants of accession PI 256334 from the
USDA-ARS genebank, which showed the highest
total tocopherol content in the initial evaluation of
the germplasm collection, failed to produce seed due
to complete self-incompatibility. In order to recover
the trait, plants of PI 256334 were grown the follow-
ing season and crossed to HA89, which is character-
ized by high self-compatibility.
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Fig. 1. Total tocopherol content in S0 seeds of 952 sunﬂower
entries. Selection cut-oﬀs for low and high tocopherol con-
tent are indicated by arrows.
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Fig. 2. Total tocopherol content in the check line HA89 and
S0 plants (S1 seeds averaged) of the accessions IAS-522 and
IAS-413.
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Selection conducted from S1 to S4 plant generations
is summarized in Fig. 3. Selections from IAS-413
already showed a high total seed tocopherol content
and low S.E.M. (518¡6.6 mg/kg) in the S1 generation,
compared to 273¡3.3 mg/kg in the inbred line HA89
and 371¡4.4 mg/kg in the commercial F1 hybrid
Xistral, both of which were used as controls. The
diﬀerences for total seed tocopherol content between
IAS-413 and both controls were maintained in sub-
sequent generations (Fig. 3). The overall tocopherol
content of IAS-413 selections in the four generations
was 467 mg/kg, compared to 251 mg/kg in HA89
and 337 mg/kg in Xistral. Selections from IAS-522
showed similar segregation in the S1 generation for
seed tocopherol content to the previous generation,
from 70 to 266 mg/kg. No additional segregation was
observed in the S2 to S4 generations (Fig. 3), which
showed an average tocopherol content of 73 mg/kg.
The lines IAST-413 and IAST-522 were constituted
from S5 seeds of IAS-413 and IAS-522 selections,
respectively.
The cross between plants of the accession PI
256334, with high total seed tocopherol content but
highly self-incompatible, with plants of the inbred line
HA89 produced an F2 population showing wide seg-
regation for total tocopherol content, from 125 to
582 mg/kg (Fig. 4). Selection for high total tocoph-
erol content was conducted from the F2 to F4 plant
generations, which resulted in an F5 plant generation
with high average total tocopherol content and low
standard error (463¡5.6 mg/kg; Fig. 4). Plants of
HA89 and IAS-413 grown in the same environment
averaged 239¡2.6 and 431¡5.1 mg/kg. The line
IAST-306 was constituted from F6 seeds of the
selections from the cross between PI 256334 and
HA89.
Evaluation of the selected lines under several
environments
Field experiments were conducted in 2006 and 2007
to evaluate total seed tocopherol content in the
selected lines IAST-306, IAST-413, IAST-522 and
HA89 under diﬀerent sowing dates. In 2006, an ex-
ceptionally low seed set was observed for IAST-522 at
all sowing dates, which resulted in insuﬃcient num-
bers of plants bearing seeds at each sowing date for
the results to be representative. Accordingly, this line
was removed from the study. The situation was simi-
lar for IAST-306 at the ﬁfth and sixth sowing dates,
i.e. 10 and 24 April. It is important to note that both
sowing dates were out of the normal sowing time
for sunﬂower in the area in which the experiment
was conducted, which could have promoted the oc-
currence of self-incompatibility in this line despite
selection being carried out for this trait. Seed toc-
opherol contents of the selected lines IAST-306
and IAST-413 and the control line HA89 sown at six
dates are shown in Fig. 5. Total tocopherol content
in IAST-413 seeds was consistently higher than that
in HA89 seeds at all sowing dates, with the diﬀerence
between both lines ranging from 146 mg/kg at
sowing date 2 to 265 mg/kg at sowing date 3. Total
tocopherol content in IAST-306 seeds was very
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Fig. 3. Total seed tocopherol content in the plant generations S1 (S2 seeds averaged) through S4 (S5 seeds averaged) of
selections from the germplasm accessions IAS-413, selected for high tocopherol content and IAS-522, selected for low
tocopherol content. The line HA89 and the F1 hybrid ‘Xistral ’ were used as checks.
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similar to that in IAST-413 in the four sowing dates
for which seed of IAST-306 was obtained (Fig. 5).
In the ﬁeld experiment conducted over eight sowing
dates in 2007, data on tocopherol content were ob-
tained in all cases except for the line IAST-413 in the
last sowing date (11 June). The lines IAST-306 and
IAST-413 had greater seed tocopherol content than
HA89 at all sowing dates (Fig. 6). The diﬀerence
in tocopherol content between IAST-306 and HA89
ranged from 141 mg/kg at sowing date 1 to 223 mg/kg
at sowing date 4, whereas the diﬀerence between
IAST-413 and HA89 ranged from 93 mg/kg at sowing
date 7 to 256 mg/kg at sowing date 2. The line IAST-
413 showed a higher tocopherol content than the line
IAST-306 in the two ﬁrst sowing dates, but from the
fourth to the seventh sowing dates the tocopherol
content of IAST-306 was greater, with a maximum
diﬀerence of 109 mg/kg at the sixth sowing date.
DISCUSSION
The results of the present research indicate the
existence of large variation for total tocopherol
content in sunﬂower germplasm and demonstrate the
feasibility of selecting for contrasting levels of toc-
opherols that are consistently expressed across en-
vironments.
It is important to note that the objective of the
present research was not to identify environmental
factors inﬂuencing tocopherol content or to evaluate
genotyperenvironment eﬀects, but to demonstrate
that selected lines expressed the trait under a range
of environments, thus discarding the conclusion that
modiﬁed tocopherol levels were the result of a given
environment. One line with reduced total tocopherol
content and two lines with enhanced total tocopherol
content were developed, in all three cases with alpha-
tocopherol as the predominant tocopherol form
(>0.9). Two accessions that contained increased pro-
portions of beta- and gamma-tocopherol, respect-
ively, have been reported elsewhere (Velasco et al.
2004). The environment considerably aﬀected total
tocopherol content in the three selected lines as well
as in the control lines with standard tocopherol con-
tent, as revealed by the diﬀerences observed in diﬀer-
ent years and from diﬀerent sowing dates within the
same year, which is in agreement with previous re-
ports on the large inﬂuence of the environment on
this trait (Marquard 1990; Alpaslan & Gu¨ndu¨z 2000;
Velasco et al. 2002). Nevertheless, despite the en-
vironmental inﬂuence, increased tocopherol levels in
the selected lines were consistently expressed across
environments.
The line IAST-522, with reduced tocopherol
content, did not perform well under the conditions
of the ﬁeld experiments conducted in 2006 and
2007, probably because of poor competition ability
and self-incompatibility problems. Despite the fact
that tocopherol content in this line could not be
evaluated in the two ﬁeld experiments, it showed a
considerably lower tocopherol content than the
check lines at all stages of selection, from the S1 to
the S4 plant generations (Fig. 3). This clearly shows
the underlying genetic control of low tocopherol
content.
Self-incompatibility is a mechanism to promote
insect-mediated cross-pollination that is present in
wild sunﬂowers (Helianthus spp.) and open-pollinated
populations and varieties of cultivated sunﬂower. It
is controlled by one multiallelic locus (Ferna´ndez-
Martı´nez & Knowles 1978). Modern breeding to
promote heterosis through hybrids has been paral-
leled by selection for high levels of self-compatibility,
but most of the accessions in germplasm collections
usually show self-fertility barriers. This problem
was particularly dramatic in the accession PI 256334,
which produced virtually no seeds when self-fertiliz-
ation was enforced, which was overcome by crossing
to a self-fertile line and conducting simultaneous
selection for self-fertility and high tocopherol
content.
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Fig. 4. Total tocopherol content in the F2 through F5 plant
generations from the cross between the line HA89 and the
germplasm accession PI 256334.
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There are no studies on the inheritance of
total tocopherol content in sunﬂower seeds, mainly
because no genetic variation for such studies has
been identiﬁed to date. The lines developed in the
present research provide a valuable tool for studies
on the inheritance of total tocopherol content in
sunﬂower and for identifying genes involved in the
accumulation of tocopherols in sunﬂower seeds. In
rapeseed, Marwede et al. (2005) determined moder-
ately large heritabilities for total tocopherol content,
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Fig. 6. Total seed tocopherol content in plants of the lines IAST-306 and IAST-413, selected for high total tocopherol
content, and HA89, used as a check, grown in the ﬁeld at Co´rdoba, Southern Spain in 2007, following eight sowing dates.
7 Feb 17 Feb 27 Feb 9 Mar 19 Mar 29 Mar 8 Apr 18 Apr 28 Apr
100
150
200
250
300
350
400
450
500
550
600
To
ta
l t
oc
op
he
ro
l c
on
te
nt
 (m
g/k
g)
Sowing date
 HA89
 IAST306
 IAST413
Fig. 5. Total seed tocopherol content in plants of the lines IAST-306 and IAST-413, selected for high total tocopherol
content, and HA89, used as a check, grown in the ﬁeld at Co´rdoba, Southern Spain in 2006, following six sowing dates.
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between 0.34 and 0.48. It is noteworthy that the in-
creased tocopherol content initially detected in the
self-incompatible accession PI 256334 was easily
recovered after crosses with the self-fertile line
HA89, with standard tocopherol content, which
points to a moderate to high heritability of the in-
creased tocopherol content in sunﬂower seeds. This
point will need to be conﬁrmed through detailed
genetic studies.
Tocopherols are fat-soluble compounds that be-
come an important part of the oil after its extraction
from the seeds. The tocopherol concentration in
the extracted oil is the most important trait from
a commercial perspective. Despite the previous
statement, the present study focused on the tocoph-
erol concentration in the seeds and deliberately ex-
cluded tocopherol concentration in the oil from them.
Tocopherols are synthesized in the plastids of photo-
synthetic organisms through a speciﬁc biosynthetic
pathway that starts with the condensation of homo-
gentisic acid and phytyl-diphosphate to form 2-
methyl-6-phytyl-1,4-benzoquinone, which is followed
by subsequent ring methylation and ring cyclation
steps (Dellapenna 2005). The biosynthesis of tocoph-
erols is not related to the biosynthesis of fatty acids
and triacylglycerols (reviewed in Somerville et al.
2000), which are the major components of the oil
(>0.92; A˚ppelqvist 1989). A previous study revealed
no correlation between seed oil and seed tocopherol
content in sunﬂower seeds (Velasco et al. 2002).
Accordingly, it is understood that the optimal breed-
ing strategy to develop sunﬂower germplasm that
produce a high tocopherol content in the oil is to
identify and isolate germplasm carrying alleles that
promote maximum tocopherol accumulation in the
seeds and to introgress such genes into elite germ-
plasm with high oil content.
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